This chapter reviews a body of evidence concerning the anatomic pathology, pathogenesis, epidemiology and possible etiologic agents of benign essential hypertension in human populations. A core finding serves as the starting point for further reasoning: intimal fibroplasia of renal interlobular arteries (arteriosclerosis) increases with age at varying rates in all populations around the world, and the rise of mean arterial pressure (MAP) with age is closely tied to this process. The weight of evidence favors the view that fibroplasia progresses for wholly unknown reasons, is not accelerated by elevations in MAP, and that it raises MAP in proportion to its severity by creating nephron heterogeneity that initiates Goldblatt mechanisms. This form of hypertension has been designated type 2 to distinguish it from a less common form, called type 1, where the fibroplasia is of mild or minimal degree. This chapter reviews evidence that indicates type 1 does not evolve into type 2 because hypertension is not accelerating the process. Experimental models of hypertension include the Goldblatt model, which resembles some aspects of type 2, and spontaneous genetic models, which mimic some aspects of type 1 hypertension. There is currently no persuasive evidence that type 2 hypertension, as it naturally develops in the human during aging of 50 years or more, can be reproduced in laboratory animals. Clues to the etiology of the arterial fibroplasia that appears to underlie most instances of essential hypertension would best be sought in the study of variations among human populations around the world, and especially of their migrants.
The features of the renal arterial tree in human hypertension have gathered no consensus descriptions of their anatomy or of their relationships to blood pressure. The review here considers some of the contrarian evidence that emphasizes perspectives outside of most mainstream viewpoints.
The disease entity, hypertension, is named for a clinical sign, not for an etiologic agent or pathognomonic lesion, or even a symptom. This odd circumstance is at least in part due to the lack of clear understanding of the anatomic or biochemical abnormalities that may properly belong to this entity.
Much is said about medial hypertrophy in the arterial tree. This usage is sometimes correct, but is seriously misdirected in other circumstances. Patients with long-standing hypertension followed at autopsy show a pattern of arterial features summarized in figure 1a [1] . Medial hypertrophy, attributable chiefly to smooth muscle cell (SMC) enlargement, typifies the arteries that serve mainly as a conduit function (i.e. generally those with diameters greater than 0.3-0.5 mm). Resistance level arteries, however, with diameters less than 0.3 mm, display medial hypertrophy rarely and only in special circumstances. These typically undergo remodeling to a smaller caliber while preserving an unchanged medial muscle mass, thereby increasing the wall thickness to diameter ratio (eutrophic inward remodeling [2] ).
This pattern affects the arteries within the bulk tissues of the body, skin, muscle, fat, bone, etc., and therefore accounts for the increased peripheral resistance that persists in the presence of normal or slightly increased cardiac output. This increased resistance serves to raise the sheer stress needed to disperse the energy of high pressure as heat so that locally autoregulated capillary flow is maintained at normal pressures. Some data have suggested that the afferent arterioles of hypertensive kidneys also participate in this remodeling to smaller calibers in humans [3] and, from indirect evidence, in rats with spontaneous hypertension [2, 4] .
Arteries within the renal cortex are essentially all in the diameter range less than 0.3 mm, and therefore do not manifest medial hypertrophy. Medial SMC hypertrophy can sometimes be seen in glomerulonephritis, but in no other circumstances [5] . This observation supports that the hypertrophy can be used as a helpful diagnostic criterion for recognizing glomerular disorders. This principle might explain the medial hypertrophy that often accompanies glomerulosclerosis in spontaneously hypertensive rats [6] . In benign essential hypertension, alterations of arteries and arterioles are mainly of the kinds illustrated in figures 1b-e.
Of major concern to the topic of benign essential hypertension is the structural alteration illustrated in figure 1b. This has been called arteriosclerosis, arteriolosclerosis, arterial intimal fibroplasia (fibroplasia for short), and other names. Fishberg [7] noted in 1925, ' As far back as 1868, Johnson described hypertrophy of the media as a characteristic in granular kidney and most current textbooks contain the same statement, but, as a matter of fact, one finds in arteriosclerosis a gradual and progressive degenerative atrophy of the medial muscle with replacement fibrosis' . More than 80 years later, this statement is still valid today. This arteriosclerosis is rarely seen in more than a minimal degree in the bulk tissues of the body; it is most severe and extensive in the kidney, although it is often found in the pancreas, spleen, liver and other abdominal organs as well, but generally not the gastrointestinal tract. Related kinds of change sometimes affect small arteries of the brain and heart.
The condition shown in figure 1b is a kind of metaplasia, wherein medial tissue withers and disappears, and is replaced by a newly formed intima molded of cell-poor, densely compacted collagen and associated matrix. It should be noted that in comparison with a normal artery, the span from positions 1 to 2 in the two examples display equally about 8 or 9 SMC nuclei, as if the intimal cells in the fibroplasia are the pre-existing medial SMCs that have altered size, orientation, shape and inter-relationships. In figure 1c , the features suggest that a collagenous zone has formed within the mid-depth of media displacing some of it inward (z), retaining the original internal elastica (x) and forming a new one for the remnant outer media (y). If this is the usual pattern of progression, then the inner remnant of media nearly always soon vanishes, perhaps by transformation into additional intima. In early stages, the fibrotic media can have increased thickness [8] , which can deceptively be mistaken for hypertrophy (or even for hyperplasia). There is clearly no indication of hyperplasia, although a quantitative test of this question has never been reported. For purposes of measurement, the best results are obtained from measuring intimal thickness rather than wall thickness because the thickness of a shrinking media countervails the process of interest and dilutes useful information. Intima as a percentage of outer diameter is called R, R C applying to diameters of 150-300 μm and R R to those of 80-149 μm.
Something very different occurs in malignant hypertension. A major diagnostic finding is the mucinous edema of an expanding intima affected by SMC proliferation, lymphocytic and PMN infiltration, and other features ( fig. 1d) [9] [10] [11] . It is easy to confuse this change with the benign condition, which might explain the faulty use of the term hyperplasia to describe the benign condition. Autoregulation of renal blood flow can fail when MAP exceeds 160 mm Hg, severely increasing flow rates, and the consequent excessive sheer stress may be the cause of these malignant structural changes.
The hyalinization of afferent and efferent arterioles [12, 13] and of terminal arteries (diameter <80 μm) is almost universally described as constricting or occluding the lumen, causing nephron atrophy and nephrosclerosis. However, when formalin is perfused under pressure into the renal artery, these deposits are pressed outward to restore a fully intact lumen ( fig. 1e) [3] . When lacking pressure, the hyaline deposits take a rounded form like that of liquid droplets. When pressure is restored, they reform back into flattened components of the vessel wall with outward bulging, reminiscent of the outward remodeling at sites of atherosclerotic plaques. Rather than hyalin as a cause of nephron atrophy, it may be that the arteriole is constricted as it originates through the fibroplastic intima of its parent artery, a suggestion that has some observational support [14] (fig. 1f ). Hence, it may be that the fibroplasia fosters fibrous replacement of atrophied nephrons (nephrosclerosis) [15] because of these strictures at ostia of afferent arterioles. Features of atherosclerosis can occur in arteries as small as 500 μm (arcuates), but never at sizes <300 μm (interlobulars). Atherosclerotic materials in arteries of these sizes are attributed to emboli from a diseased aorta.
Some years ago, a series of autopsies was assembled by reviewing outpatient clinical records of patients at autopsy [16] . Those records sometimes provided at least 3 years of outpatient blood pressures [MAP (mean arterial pressure)= (2 diastolic + systolic)/3] and at least 10 readings, and these cases were retained for measurement of fibroplasia in interlobular arteries. A transition from low to high or from high to low MAP (at least to some minimal degree, but often of a large amount), was identified in all records. It was subsequently found that only the levels after transition were of interest, and the earlier records offered no useful additional information. Figure 2 summarizes the pertinent findings for the present purposes.
MAP correlates with R C in accordance with a linear regression that applies to men and women of all ages in the range 35-74 years (r = 0.6). Taking an arbitrary MAP cutoff of 110 mm Hg for hypertension, it is possible to recognize two types of hypertension. Type 2 occurs in association with severe degrees of fibroplasia, while type 1 reveals only mild or minimal degrees. This range of variation has been recognized since the early 20th century [7] . An especially influential demonstration of this spectrum was provided by Sommers et al. [17] . While performing lumbar sympathectomy in hopes of reversing hypertension, they obtained tiny superficial kidney biopsies to evaluate for arterial and arteriolar abnormalities. The authors were especially impressed by the finding of some hypertensives with mild or minimal abnormalities. Although they did not use the terms type 1 and type 2, these terms could have been introduced from their findings. In their conclusions we read, ' Although two thirds of the cases revealed advanced renal arteriolar sclerosis, the presence of even a few individuals with apparently normal renal vessels is consistent with the view that hypertension precedes structural changes in the kidney vasculature. ' However, what was left unsaid is that these findings are also consistent with the possibility that the type 1 hypertensives will remain type 1 and experience no more than average rates of fibroplasia progression, or perhaps less, as they age.
Whether type 1 hypertension will fail to convert into type 2 over time (by analogy with types 1 and 2 diabetes) could best be determined with a prospective epidemiological study. This is not practical, however, because a biopsy at the beginning of such a study would be unethical. Biopsies available to Sommers et al. [17] were unique to those circumstances and have not been reproduced; those studies did not include later follow-up with autopsies. Figure 3 , however, offers an approximation to the optimal study. Subjects whose lengthy records of MAP documented the onset of hypertension provided subsequent MAP readings with sustained hypertension for intervals ranging from 1-19 years [16] . At autopsy, the fibroplasia did not correlate with the duration of the persistently elevated MAP. Nine of these subjects with observed onset of hypertension were classified as type 1 after endurance of the hypertension for up to 19 years. This outcome offers the possibility that some type 1 subjects will remain type 1, implying that hypertension does not accelerate fibroplasia. The findings in figure 3 provide evidence for the feasibility of such a study.
In recent times it has become possible to measure renal blood flow using Doppler ultrasound methods [18] . These methods have consistently identified what might be called type 1 and type 2 hypertensives on the basis of normal or diminished flow rates. The question of the progression of fibroplasia in type 1 hypertensives is therefore accessible to an answer with the use of autopsy follow-up. This would not be an ideal study because many of the hypertensives with normal renal blood flow are likely to have nephron heterogeneity based on fibroplasia unevenly distributed among the nephrons [19] [20] [21] . The outcome of this proposed study would therefore rely on whether or not a subset of hypertensives with persistent type 1 hypertension would be found at autopsy, after experiencing many years of sustained hypertension, thus reproducing the provisional conclusion of figure 3.
Sealy et al. [21] have explained how such heterogeneity is uniquely structured to induce both high and low renin hypertension even in the presence of normal overall flow rates. Figure 4 outlines the main features of this theory whereby ischemic nephrons supplied by sclerotic arteries release renin which then acts on the hyperemic nephrons supplied by competent arteries to cause sodium retention. Renin will be high if sodium is deficient and low if sodium space expansion is sustaining the hypertension. Washout curves for radioactive xenon [19, 20, 22] have been used to partition renal blood flow into a fast and a slow component. It is customary to call these components cortical and juxtaglomerular, respectively, but Ladefoged [20] has noted, 'It is possible that areas in the cortex with low perfusion may be represented in the second component of the wash-out curve. . . ' . Data consistent with this possibility have been repeatedly reported by multiple observers [19, 22] : the slow component acquires an increasingly greater share of renal flow, and may sometimes show increases in its total amount, while the fast component declines dramatically with progressive disease. This outcome affirms an important prediction of the nephron heterogeneity hypothesis. This washout method has been challenged as lacking credibility [23] .
After assembling the autopsy series in figure  2 , the series was expanded by adding subjects from New Orleans, Bogalusa, Greenland and Bombay (Mumbai), India. Two regression equations, one relating MAP to R C and the other to R R , were suitable to all populations equally well [24] . Using those equations, MAP was estimated from renal fibroplasia measured in autopsy specimens from New Orleans, Bombay and Tokyo [16] ( fig. 5 ). Figure 5 also displays the trends of MAP revealed in national survey data. The patterns of MAP rising with age are nearly identical to those of renal arterial fibroplasia in these populations.
The patterns in figure 5 might seem equally consistent with the proposals that fibroplasia is the cause or the consequence of sustained hypertension. It should be noted, however, that fibroplasia begins at least as early as 20 years of age, at a time when hypertension is extremely rare in these populations, and accelerates most rapidly around 40 years of age when hypertension is still uncommon. Into old age, as the prevalence of hypertension becomes widespread, the progression of fibroplasia abates. These details argue against hypertension as a cause of fibroplasia. Fig. 4 . A simplified summation of the proposed thesis. Arteriosclerosis is unevenly scattered and generates one subset of nephrons that are ischemic and releasing renin, and another subset that are hyperemic and retaining sodium in response to the renin. The mean rate of function of all nephrons averaged can be within the normal range and clearance studies can fail to detect that kidneys are abnormal.
Figure 3 offers additional support for the view that hypertension does not accelerate fibroplasia because some subjects with many years of sustained hypertension can still be found at autopsy to have mild or minimal fibroplasia. It should be considered that the vascular features of malignant hypertension are reversible with therapeutic correction of the high blood pressure, but that the forerunning fibroplasia later revealed at autopsy is not [9] . This observation indicates that the effect of hypertension is to accelerate the malignant form of renal vasculopathy, but not the benign form. Malignant hypertension is a vicious cycle with hypertension accelerating vasculopathy, which then accelerates the hypertension. This closed cycle, if left untreated as in the past, goes rapidly to its fatal completion. If the benign condition were also a vicious cycle, then all hypertension would be malignant. It seems easier to accept that the cycle is not closed in the benign condition because hypertension does not accelerate the fibroplasia. The correlations seen in figures 2 and 5 are therefore most readily explained by nephron ischemia scattered heterogeneously through the renal cortex and raising blood pressure by Goldblatt mechanisms [21] .
The Intersalt Study was a large collaborative study carried out in 52 populations around the world [25] . Its major conclusion was that urinary sodium excretion, a surrogate for dietary salt intake, was correlated between populations with the rise with age of systolic and diastolic pressures, but that the actual attained levels had no such correlation (omitting four exceptional primitive groups in Brazil, New Guinea and Kenya). The authors did not ask how the age-related rise correlated with the initial value, but their tabulations provide the data needed to assess the correlation [26] . The association showed no significant correlation, but rather revealed that the initial average systolic pressure in a population had no perceptible bearing on the average level attained at 55 years of age. This outcome offers evidence that higher pressure levels early in life do not affect the progression toward hypertension later in life.
It should also be considered that resistance level arteries in the human foot are among those most resistant to intimal fibroplasia, even though they are exposed to systolic pressures in the range of 300 mm Hg for many hours each day while standing. Why hypertension should only have a harmful effect on arteries in a few organs, and especially the kidney, has rarely been discussed by advocates of the proposal that hypertension causes these arterial changes.
A logical consequence of the foregoing analysis is that blood pressure itself may not be a controlling influence upon the progression of intimal fibroplasia in renal interlobular arteries or upon its associated rise of MAP with age. Hence, if a risk factor is correlated with MAP, then it is unlikely to be a cause of fibroplasia. Salt intake, for instance, correlates with systolic and diastolic pressure, and the effect of salt increases progressively with rising levels of MAP [26] . That increment added by salt to the elevated MAP, like all contributors to MAP, can be viewed within the foregoing analysis as failing to accelerate the disease progression. Greater intakes of salt produce increments of elevated MAP at all ages from 20-60 years [27] . Hence, subjects with lifelong excesses in salt consumption should be exposed to several decades of elevated pressures. Yet, when at 50 years of age the salt is removed from their diets, the MAP quickly falls back to the levels of subjects never exposed to the salt effect [27] . Those many years of salt-induced MAP elevations leave no record within the relevant tissues of the body because removal of the salt obliterates its effect. The Intersalt finding that urinary sodium correlates across populations with the rise in systolic pressure on age can easily be explained by the exaggerated effect of salt at ever increasing levels of MAP. That is to say, populations that experience rising pressures are the populations with the most subjects who are salt-sensitive at 55 years of age. Presumably, removal of the salt from the diets of these subjects should obliterate the correlation found by Intersalt [27] .
A similar logic applies to obesity. When obese subjects succeed in dietary weight loss, their blood pressures decline by the amount attributable to the weight change [26] . Again, many decades of pressure elevations induced by excessive body weight leave no record in the relevant body tissues because weight loss through dieting (and perhaps by bariatric surgery, which needs to be examined for this effect) fully returns pressures to levels seen in subjects who were never obese. Any other factor that acts to raise blood pressure can be seen in the same way. MAP itself is not apt to be a cause for fibroplasia (other than the malignant form) or the rise of MAP with age, therefore the increment of MAP induced by the factor in question is among those not having an effect on microscopic arteriosclerosis. The search for the etiology of benign essential hypertension should put less emphasis on the factors known to elevate MAP, and look elsewhere instead [28] .
Analyses like those in figures 2 and 5 were also carried out for arteriolar hyalinization. The hyalinization was found to increase with age up to about age 40 years and then to level off at a constant range into old age [29] . Hence, the process is accelerated at ages when hypertension is rare (20-39 years) , and fails to progress further at ages when hypertension is commonplace (ages 40-74 years). Also, the correlation across populations was not significant when relating hyalinization to MAP [16] . The correlation of arteriolar hyalinization with MAP across individuals is generally weak (in the range of r = 0.4), and could be explained by an indirect correlation of hyaline in some way associated with accelerating arterial fibroplasia [12] . In a multivariate setting, fibroplasia correlates with MAP and hyalin loses its correlation with MAP, carrying nothing of additional significance. These findings favor the view that high MAP is not the driving force for arteriolar hyalinization, and that hyalinization does not induce sizable increases in blood pressure.
The curves shown in figure 5 can be described as fitting the equation R C = βA 2 (1 -0.1A) [28] . This equation was accepted without statistically significant rejection in men and women of every population so far examined. Hence, the diversity in fibroplasia rates is governed by a single variable parameter, β. The values of β so far observed around the world range from 0.0064 for men in Mexico to 0.0119 for women in Greenland. A similar equation for arteriolar hyalinization is Hy = γA 2 (1 -.0117A). The global range is from γ = 0.00098 for women in Peru to γ = 0.00485 for men in Greenland. The etiologic agents that account for these global variations are wholly unknown. Recognized agents such as salt, obesity and others are likely to contribute nothing of significance to this process (see above). These global variations could therefore be rich sources for clues to the mysterious etiologic agents, especially in migrant populations [28] . The finding that R C correlates with a related kind of intimal fibroplasia in coronary arteries might be of some help for this purpose [30] .
In many various kinds of experimental models for hypertension, beginning historically with renal artery strictures, irritant wrapping of the kidneys or aldosterone-salt models and extended to later models [8, 11] , the interlobular arteries readily develop the features of malignant hypertension. These include the hyperplastic mucinous edema of arteries ( fig. 1d ) and fibrinoid necrosis of arterioles (not illustrated here) along with characteristic changes in glomeruli, tubules and interstitium. Whether the characteristic fibroplasia of the benign human condition can also develop in these models is not clear. Most authors omit this feature from their descriptions of renal histology. Rare claims of finding appearances like those in figure 1b raise the possibility that lesions of malignant hypertension might resolve and leave behind some alterations that resemble the human condition without actually replicating it in its natural form.
Textbooks of veterinary pathology put little emphasis on arteriosclerosis of any sort. Jubb and Kennedy [31] , for instance, offer one short paragraph on sclerosis of visible arteries, and no mention of microscopic arteries or arterioles (other than of rare instances of hyalinization). The full range of domesticated animals apparently fail to manifest any significant degree of arteriosclerosis or arteriolosclerosis, and these processes are outside the range of interest of veterinarians. In a study of renal interlobular arteries in various mammalian species [32] , it was found that the 3-year-old rat had arteries that resemble those of 3-year-old humans, 6-year-old ferrets resemble 6-year-old humans, 12-year-old cats and dogs resemble 12-year-old humans, and 20-year-old horses and rhesus monkeys resemble 20-year-old humans. None of those species displayed anything resembling type 2 hypertension. If that type of hypertension can occur in animals, then it has to be experimentally induced, and the possibility of doing this has not been clearly demonstrated. The relationship of fibroplasia progression to age appears to be governed by the calendar and not by the longevity of each species.
Arteriolar hyalinization of afferent arterioles is readily induced in rats by administering antagonists of nitric oxide synthase such as L-NAME [33] . The effect of blood pressure on hyalinization, as distinct from glomerulosclerosis, however, has not been clarified.
Conclusions
The weight of evidence favors the view that type 1 hypertension does not evolve over time into type 2, indicating that elevated MAP does not accelerate the intimal fibroplasia of interlobular arteries in those individuals. Similarly, the intimal fibroplasia of interlobular arteries that is diagnostic of type 2 hypertension is most easily seen as a cause and not a consequence of elevated MAP. Agents such as salt and obesity can elevate MAP as long as the agents are actively in place, but their effects are readily reversible upon withdrawal of the agents. Hence, these agents do not appear to cause the rise of MAP with age, which introduces the high prevalence of type 2 hypertension in some aging populations. The search for etiology of benign essential hypertension should emphasize agents that are not on the usual lists of suspects.
